The suppressor of Hairy-wing [su(Hw)] protein exerts a polar effect on gene expression by repressing the function of transcriptional enhancers located distally from the promoter with respect to the location of su(Hw) binding sequences. The directionality of this effect suggests that the su(Hw) protein specifically interferes with the basic mechanism of enhancer action. Moreover, mutations in modifier of mdg4 [mod(mdg4)] result in the repression of expression of a gene when the su(Hw) protein is bound to sequences in the copy of this gene located in the homologous chromosome. This effect is dependent on the presence of the su(Hw) binding region from the gypsy retrotransposon in at least one of the chromosomes and is enhanced by the presence of additional gypsy sequences in the other homology. This phenomenon is inhibited by chromosomal rearrangements that disrupt pairing, suggesting that close apposition between the twQ copies of the affected gene is important for trans repression of transcription. These results indicate that, in the absence of mod-(mdg4) product, the su(Hw) protein present in one chromosome can act in trans and inactivate enhancers located in the other homolog.
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Mutations in the suppressor of Hairy-wing [su(Hw)] gene reverse mutant phenotypes resulting from the insertion of the gypsy retrotransposon at a variety of loci in Drosophila melanogaster (1). This effect has been extensively studied by using the yellow (y) gene (2). The gypsy-induced y2 allele displays a tissue-specific mutant phenotype characterized by abnormal pigmentation of the wings and body cuticle, whereas all other tissues of the larva and adult show wild-type coloration (3). In this mutation, gypsy was inserted at bp -700 from the transcription start site of the y gene, such that the enhancers that control'y expression in the wings and body cuticle are located upstream of the gypsy insertion site (4-6). The resulting mutant phenotype is caused by the inability of these enhancers to act on the y promoter due to the presence of specific sequences of gypsy present in the transcribed untranslated region of this element (2). The region of gypsy responsible for its mutagenic effect contains 12 copies of a sequence similar to the octamer repeat found in enhancer elements of various vertebrate genes (7) (8) (9) . This octamer motif constitutes the binding site for the su(Hw) protein (10), which acts as a positive regulator of the spatial and temporal expression of gypsy (11). At the same time, binding of su(Hw) to the octamer sequences of gypsy results in the repression of enhancers located distally with respect to the promoter from the gypsy insertion point, thus causing the characteristic phenotype of they2 allele (12). The same type of effect is responsible for the gypsy-induced mutant phenotype in other Drosophila genes (13, 14) .
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The gypsy element not only mediates interactions between enhancers and the promoter within a gene but also seems to play a role in allowing enhancers of a gene to act on the promoter located in the homologous chromosome (15). These trans interactions between enhancers and promoters explain the phenomenon of transvection, the pairing-dependent interallelic complementation between mutations located in homologous chromosomes (16, 17) . Transvection or interallelic complementation at the y locus is one of several phenomena that involve pairing between chromosomes and have been termed trans-sensing effects (18). One well-studied case of a trans-sensing effect is that of dominant position-effect variegation at the brown (bw) locus of Di; osophila (19) . This effect is caused by heterochromatic sequences located in the vicinity of the bw locus that not only can inactivate the gene located in cis but also can cause trans inactivation of the homologous paired gene. The possibility that the su(Hw) binding region has similar properties could not be studied in the past, since trans effects could not be distinguished from cis interactions in this system. To approach this problem, we have used a second gene, modifier of mdg4 [mod(mdg4) ], that also affectsgypsy-induced phenotypes (20) . Mutations in this gene cause an enhancement in the gypsy-induced phenotype of y2, resulting in adult flies in which all cuticular structures have null y coloration. mod(mdg4)U1, the best characterized allele of mod-(mdg4), is caused by the insertion of the Stalker transposable element. Molecular analysis of the locus indicates that this mutation accumulates "10-fold less mod(mdg4) RNA than wild type, suggesting that mod(mdg4)"1 is a hypomorph that produces lower than normal amounts of the wild-type protein (T. Gerasimova and V.G.C., unpublished observations). The effect of the mod(mdg4) mutation on the expression of they gene iny2 is not observed in the presence of null mutations in su(Hw), suggesting that the mod(mdg4) gene encodes a protein that interacts with su(Hw) and modulates the interaction between this protein and y enhancers and promoter. Here we describe results that suggest that a mutation in the mod(mdg4) gene allows the su(Hw) protein to act in trans and inhibit the action ofy enhancers located in the homologous chromosome on the promoter of their own gene. visually determined and assigned a value between 0 (complete lack of pigmentation characteristic of the y' null allele) and 5 (wild-type pigmentation). Table 1 shows a summary of the results of this analysis. The nwd(nzdg4)U1 mutation has no effect on y+/y+. However,y2/y+ flies with the mod(mdg4)uJ mutation show a decrease of pigmentation in the leg bristles from values of 5 to 3 and an even more dramatic reduction in the coloration of the antenna from values of 5 to 1. This effect can only be explained if expression of both copies of they gene is impaired in the bristles and the antenna, suggesting that the mutation of mod (mdg4) allows thegypsy element present in one chromosome to affect the transcription of they gene located in the other homolog. To test whether this inhibition might also be caused by the su(Hw) protein, we first analyzed its dependence on the presence of the gypsy element by studying the effect of the mod(mdg4)ul mutation on the phenotype ofheterozygousy alleles, such asy4P, not caused by gysy insertion. Results from this experiment show that the coloration of the leg bristles and the antenna ofy4P/y+ flies is the same in the presence or absence of mod(mdg4) protein, suggesting that the presence of the gsy element in at least one copy of the y gene is important in mediating the interchromosomal repression of y transcription.
RESULTS
The su(Hw) Binding Region Mediates Interchromosomal Trans Repression of Transcription of the y Gene. To determine the nature of the gypsy sequences involved in interchromosomal repression ofy expression, we analyzed the effect of the mod(mdg4)ul mutation on various derivatives ofy2 caused by the deletion of different regions of the gypsy element (Fig.  1) . The y59b allele lacks gypsy nt 1-4230, including the 5' long terminal repeat (LTR), the su(Hw) binding sites, and a large part of the coding region (13). The coloration ofyS9b/y+ flies is wild-type and is not affected by the mod(mdg4)ul mutation (Table 1 ), suggesting that the region responsible for trans repression of transcription is deleted in thegypsy element in the y locus of the y59b allele. Further insight into the nature of this region was obtained by analyzing the effect of mod(mdg4)ul on the phenotype of heterozygousy69/y+ flies. The gypsy element responsible for the y69 allele lacks nt 1-653, including the 5' LTR and part of the transcribed untranslated region, but contains all 12 copies of the su(Hw) binding site (13). Although y+/y+; mod(mdg4)/mod(mdg4) To test whether the su(Hw) binding region is indeed responsible for the observed interchromosomal repression of y expression, we analyzed the effect of the mod(mdg4)ul mutation on gypsy-induced y alleles that carry alterations in the su(Hw) binding region. Theyw" mutation is a partial revertant of y2 in which the gypsy element lacks 5 of the 12 su(Hw) binding sites ( Fig. 1) (13) . The mod(mdg4)u1 mutation failed to decrease pigmentation of cuticular structures in yUd/y+ flies (Table 1 ). This result indicates that gypsy regions that interact with su(Hw) mediate the negative effect on transcription transmitted between homologous chromosomes. This conclusion was confirmed by analyzing the effect of the mod(mdg4)ul mutation on a complete revertant of y2. This revertant, designated y+2MC, is caused by a deletion of all 12 copies of the su(Hw) binding site and the insertion in this region of a copy of the jockey element ( Fig. 1) Abbreviations and numbers indicating levels of pigmentation are as described in Table 1. of these flies. This result confirms the essential role of the su(Hw) binding region in mediating interchromosomal repression of transcription. Since the su(Hw) protein binds to these sequences and interferes with the effect of cis enhancers on the promoter located in the same gene, it follows that the effects on y expression observed in the background of the mod(mdg4)ul mutation could be due to the ability of su(Hw) protein to also repress enhancer action in trans.
Trans Repression of Transcription at the y Locus Is Enhanced by Sequences Other than the su(Hw) Binding Site. To test whether other sequences present in the gypsy element are also required to mediate trans inactivation of enhancer function by the su(Hw) protein, we analyzed the effect of mod-(mdg4)ul on trans heterozygotic combinations of the y2 allele and they+2MC revertant. Results presented in Table 2 indicate that the mod(mdg4)ul mutation dramatically decreases bristle pigmentation in y2/y+2MC trans heterozygotes. This effect is stronger than in y2/y+ flies (see Table 1 ). This enhancement might be due to the formation of closer contacts between paired chromosomes mediated by sequences of the gypsy element. Further insight into the nature of the sequences responsible for the enhancement of trans repression of transcription was obtained by analyzing the effect of mod(mdg4)ul on the phenotype of trans heterozygotes between y+2MC and various y mutants (Table 2) . Interchromosomal repression of y transcription follows the same rules in combinations of the y+2MC revertant with other gypsy-inducedy mutations as in the case of y+ combined with the same mutants, except that the phenotypes are more extreme wheny+2MC is present. No effect was observed in yS9b/y+2MC flies, again supporting the conclusion that the su(Hw) binding region, absent in these two mutants, is essential for trans repression of transcription (Table 2) . To test whether the phenotypic enhancement observed when copies of the gypsy element are present in both homologs is only due to the additional presence of su(Hw) binding sites, we tested the phenotype of combinations of y+2MC with y alleles in which these sequences are deleted or partially nonfunctional due to the insertion of transposable elements. We first analyzed this effect by using two partial revertants of , y2PRI, and y2P1m, caused by the insertion of the jockey and hobo transposable elements into the su(Hw) binding region, respectively (7) (see Fig. 1 ). The mod(mdg4)ul mutation has a moderate inhibitory effect on y transcription in bristles and hairs in flies heterozygous for these two partial y revertants in combination with y+2MC (Table 2 ). This effect is stronger than in y2PRl/y+ (see Table 1 ), suggesting that additional gypsy sequences present in y+2MC and distinct from the su(Hw) binding region are responsible for the observed enhancement. The same conclusion can be obtained by examining the effect of mod(mdg4)ul on y88d/y+2MC flies, which is stronger than that observed withy8m/y+ heterozygotes (Tables   1 and 2 ). The stronger effect observed in the presence of additional gypsy sequences might be simply due to a more intimate pairing between homologous chromosomes in the region of the y locus.
Additional evidence for a role of pairing in the enhancement of interchromosomal repression of transcription was obtained by analyzing the effect of the mod(mdg4)"1 mutation on the phenotype of combinations of y2 and some of its derivatives with the y2+#9 revertant allele (Table 3) . In this mutation, the gypsy element lacks half of the 5' LTR, and the complete central region including the su(Hw) binding sites is replaced by a copy of the jockey element (21). The mod(mdg4)ul mutation has a stronger negative effect ony expression iny2/y2+#9 than in y2/y+ flies (Table 3) but is much weaker than in y2/y+2MC.
The effect of mod(mdg4)u1 on other combinations of y2+#9 withy2 derivatives (Table 3) follows the same pattern observed in combinations ofy+ ory+2MC with the same mutants (Tables  1 and 2 ), but the enhancement is intermediate between that Table 1. observed withy+ andy+2Mc. For example, mod(mdg4)ul has no effect on combinations of y2+#9 with alleles not induced by gypsy (y4P) or alleles in which the 5' half of this element is missing (y59b). The enhancement of the y phenotype is intermediate on alleles in which the su(Hw) binding region is partially deleted or truncated by insertion of transposable elements (y2PRJ andy8m") and is stronger on alleles that contain an intact su(Hw) binding region (2 and y69) ( Table 3) . In all cases, the extent of enhancement is weaker than that observed in combinations of the same mutations withy+2mC but stronger than in combinations with y+, suggesting that gypsy regions other than the su(Hw) binding region favor interchromosomal repression of enhancer function, probably by mediating tighter pairing between homologous chromosomes at the location of they gene. The importance of additional gypsy sequences that favor pairing for interchromosomal repression of gene expression is clearly observed in the dramatic effect of mod(mdg4)ul on the phenotype ofy6I9/y+2MC flies, which show an almost null phenotype of all bristles and hairs of the adult (Table 2) . This large effect cannot be explained only on the basis of the presence of an intact su(Hw) binding region in y69, since it is more pronounced that in y2/y+2MC (Table 2) . One possible explanation is that they69 allele also contains a deletion of the promoter and coding region of the y gene. The lack of the cis promoter in the gene containing su(Hw) binding sites might then favor interactions with the promoter located in trans, thus enhancing the mutant phenotype. The importance of the absence of the promoter is underscored by results obtained from the analysis of other gypsy-induced null y mutations. The ylul allele is ay2 derivative caused by the insertion of the Stalker retrotransposon in the second exon of they gene, whereas yu2 and ylu3 resulted from the deletion of the same exon; these three mutations still contain a copy of the gypsy element inserted in the 5' region of they gene. Although, likey69, these are null mutations carrying deletions within the y gene, the mod(mdg4)ul mutation fails to enhance the phenotype of ylul/y+2MC ylu2/y+2MC, and ylu3/y+2MC to the same extent as y69/y+2MC (Table 2 ). This result suggests that the extreme effect of mod(mdg4)u1 on the phenotype of y69/y+2MC is not simply due to the deletion of y sequence but rather to the specific absence of a functional promoter in the y69 gene.
Trans Repression of Transcription Is Pairing-Dependent but Is Not Affected by Mutations in the zeste (z) Gene. In the absence of the mod(mdg4) protein, the repressive effect of su(Hw) is stronger on enhancers located in the same chromosome than on those located in trans. This suggests that repressive interchromosomal effects are weaker than the positive effects observed in the transvection phenomenon (15) or the intrachromosomal effects observed in the repression of enhancer-promoter interactions in the y gene by gypsy sequences located in the same chromosome (12). The weakness of the interchromosomal effects induced by the presence of su(Hw) binding sequences correlates with an increased sensitivity of these effects to chromosomal pairing under conditions in which standard transvection effects are not affected. When the tip of the X chromosome, containing the y2 locus, is translocated to the Y chromosome, pairing between the y genes located in the X and Y chromosomes is still possible, and yS9b/y2.y males display wild-type coloration (15). Therefore, interchromosomal activation of the y promoter located in the Y chromosome by enhancers located in the X chromosome can take place due to the pairing that can still occur between these two chromosomes. Nevertheless, the mod(mdg4)ul mutation failed to enhance the y phenotype of y+2MC/y2-Y males, suggesting that interchromosomal repression of y expression is pairing-dependent and more sensitive to pairing effects than standard transvection (Table 4) . To confirm this result, we used several strains that carry a deletion of the y and acaete genes and, in addition, contain a copy of the y2 locus that has been inserted in different places of the X chromosome by Abbreviations and numbers indicating levels of pigmentation are as described in Table 1 .
P-element-mediated germ-line transformation (10, 22) . These strains, named y-700y-800, and yD-CTRL, display the same phenotype as y2 and fail to mediate transvection in combinations with y59b due to the inability of the two copies of the y locus to pair (15). Combinations of these mutations withy+2MC show normal pigmentation of all cuticular structures, but the mod(mdg4)ul mutation fails to enhance the y phenotype of trans heterozygous combinations between y+2MC and these various strains. These results suggest again that the inability of the two copies of the y gene to pair interferes with the interchromosomal repression of y expression, supporting the conclusion that chromosomal pairing is a prerequisite for this effect. Surprisingly, trans repression ofy transcription does not depend on the presence of z protein. Neither the null Zv77h nor the Z)p6 and z1 alleles alter the effect of the mod(mdg4)u1 mutation on the phenotype of y2/y+ flies (data not shown). The su(Hw) Protein Is Responsible for Trans Repression of Transcription at they Locus. The fact that interchromosomal repression of y transcription is completely dependent on the presence of su(Hw) binding sites suggests that this phenomenon, as is the cis inactivation ofy expression, is caused by the su(Hw) protein. In agreement with this assumption, strong alleles that lack detectable levels of su(Hw) protein, such as su(Hw)2 or SU(HW)69k, cancel the effect of mod(mdg4)ul on trans repression of gene expression (Table 5 ). The sensitivity of this phenomenon to levels of the su(Hw) protein can be tested with su(Hw) mutations that affect levels rather than the structure of the protein. In the presence of half the normal level of su(Hw) protein, as is the case in heterozygous combinations of su(Hw)2 or su(Hw)69k, the mod(mdg4)ul mutation enhances the y phenotype of y+2MC/y2, but to a lesser extent than in flies with wild-type levels of su(Hw) protein (Table 5) . Interestingly, trans inactivation effects are specially sensitive to mutations in su(Hw) affecting the C-terminal acidic domain of this protein such as su(Hw)J (23) ( Table 5) . Even in a heterozygote, the su(Hw)J allele completely reverses the effect of mod(mdg4)ul on the y phenotype of y2/y+2MC flies, whereas null alleles in a heterozygote do not affect trans repression of transcription. This result suggests that the acidic domains of the su(Hw) protein play an important role in the interchromosomal inactivation of y expression.
DISCUSSION
The presence of su(Hw) protein bound to gypsy sequences in the 5' region of the y gene interferes with the effect of enhancers located distally from the gypsy insertion site on the y promoter (5, 12). The mechanism of this repressive effect Abbreviations and numbers indicating levels of pigmentation are as described in Table 1. on enhancer function is not known, but several hypotheses have been put forward (10, 24, 25) . One possibility we favor is that binding of su(Hw) to the octamer motifs present in gypsy might cause directional changes in chromatin structure by establishing boundaries between higher-order domains of gene activity. This view is supported by the ability of su(Hw) to buffer the expression of the white (w) gene from chromosomal position effects in a manner independent of the location of this w gene in the genome (25). We have examined a series of genetic interactions between gypsyinduced mutation at the y locus. These interactions are not observed in wild-type flies but can be studied in the presence of mutations in the mod(mdg4) gene. Mutations in mod-(mdg4) cause an enhancement of they2 phenotype and result in the absence of pigmentation in all tissues of the fly (20). The mod(mdg4) gene encodes a protein that interacts with su(Hw). In the absence of mod(mdg4) protein, heterozygous y2/y+ flies show a mutant y phenotype. This effect is ameliorated by mutations that affect the integrity of the su(Hw) binding site present in the gypsy-induced allele, suggesting that the presence of su(Hw) protein bound to these sequences is responsible for the observed phenomenon. Considering the mechanism by which the mod(mdg4)ul mutation enhances the y phenotype iny2/y2 flies and the fact that the y+ chromosome in y2/y+ flies contains an intact y gene, an explanation of these results must involve the ability of the su(Hw) present in they gene in the y2 chromosome to also affect the transcription of the gene located in the y+ homolog. This phenomenon of interchromosomal repression is enhanced by the presence of gypsy sequences in the y+ chromosome and is specially strong when this chromosome contains a revertant of y2 that lacks the su(Hw) binding site but otherwise contains an intact gypsy element. This result suggests that close pairing between homologs at the y locus, mediated by gypsy sequences other than the su(Hw) binding region, is important for the trans inhibitory effect of su(Hw) on enhancer-promoter interactions. The importance of chromosomal pairing is underscored by the lack of interchromosomal repression when one of the copies of the y locus is translocated to a different location in the genome. The phenomenon of interchromosomal repression of transcription described here is very similar to the dominant position effects described for the bw locus (for a review, see ref. 26). In the latter case, the effect of sequences that have an altered chromatin structure and repress expression of the adjacent gene can be transmitted in trans to the gene located in the other homolog. In both cases this effect is pairing-dependent but is not affected by mutations in the z gene. In the case of dominant brown variegation, sequences responsible for this effect are located in a region of heterochromatin translocated next to the bw locus. In the case of su(Hw), the structure of the chromatin created by binding of this protein to its target sequence is not known, but its ability to buffer gene expression from any position effects has been interpreted on the basis of the creation of boundaries between domains of higher-order chromatin structure (25); these boundaries could be structurally similar to heterochromatin, further supporting the parallels between dominant position effects and the trans repression of transcription described here. Interchromosomal repression of gene expression can be explained as a consequence of chromatin changes mediated by su(Hw) and the subsequent interaction of this protein, or other proteins recruited to the area, with enhancer-bound transcription factors present in the paired gene in the homologous chromosome. This trans interaction explains the sensitivity of this phenomenon to disruptions of chromosomal pairing. Similarly, dominant position effects in the bw locus have been explained by the inhibitory effect of heterochromatic proteins located in one homolog on sequences responsible for the regulation of bw expression present in the paired gene (27). Thus, the su(Hw) and mod(mdg4) proteins might represent entry points into the in vivo study of the relative roles of chromatin structure in enhancer function in eukaryotes.
